We evaluated population management programs for controlling chronic wasting disease (CWD) in wild white-tailed deer in Illinois between November 2002 and March 2008. The intervention consisted of measures of deer removal from three deer population control programs: Illinois Department of Natural Resources culling, deer population control permits and nuisance deer removal permits. We included in the analysis a total of 14,650 white-tailed deer CWD test results. These data also included location and demographic data collected from both deer harvested in the interventions as well as deer from hunter harvests and deer vehicle collisions. We quantified intervention pressures as the number of years of intervention, the total number of deer removed and the average number of deer removed per year. We accounted for temporal and spatial variations of intervention by using mixed logistic regression to model the association between intervention pressures and CWD prevalence change. The results showed that deer population management intervention as practiced in Illinois during the study period was negatively associated with CWD prevalence and the strength of association varied depending on age of deer and the measure of intervention pressure. The population management programs showed a more consistent association with reduced CWD prevalence in fawn and yearling white-tailed deer than in adult deer. Our results also suggested that frequent and continuing intervention events with at least moderate intensity of culling were needed to reduce CWD prevalence. A longer study period, however, is needed to make a more definite conclusion about the effectiveness of similar population management programs for controlling CWD in wild white-tailed deer.
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© 2013 Elsevier B.V. All rights reserved.
Introduction
Chronic wasting disease (CWD) is the only prion disease found in wild animals (Williams and Miller, 2002) . It is a transmissible spongiform encephalopathy characterized by multiple neurological symptoms and is invariably fatal. CWD affects white-tailed deer (Odocoileus virginianus), mule deer (Odocoileus hemionus), elk (Cervus elaphus) and moose (Alces alces) in North America Young, 1980, 1982; Williams and Miller, 2002; Kahn et al., 2004; Kreeger et al., 2006; Argue et al., 2007; Baeten et al., 2007) . Through 2008, CWD cases had been reported west to Utah and east as far as New York State (Salman, 2003; O'Rourke, 2005) .
In Illinois, CWD was first identified from a suspect animal exhibiting clinical signs of disease in November 2002 (Illinois Department of Natural Resources, 2010), shortly after the discovery of CWD in Wisconsin deer harvested during the fall 2001 hunting season (Joly et al., 2003) . In response, the Illinois Department of Natural Resources (IDNR) initiated a disease surveillance and deer population management intervention with the goal of controlling CWD. The central strategy of this intervention was to lower deer population densities by sharpshooting, particularly at winter aggregation sites in CWD infected and high risk areas. Population reduction to minimize disease transmission is a common component of infectious disease management strategies and some studies have suggested selective culling of infected individuals is useful to control CWD (Gross and Miller, 2001; Wasserberg et al., 2009; Potapov et al., 2012) . In addition, a simulation study showed that the rate of CWD decay in the environment is proportional to the number of infected individuals, and that disease transmission is based on a frequency dependent approach where contact rates are independent of population density but dependent on social group sizes (Potapov et al., 2012) . To that extent, the population management program in Illinois targeted deer social groups at wintering aggregation sites.
To our knowledge, only one study has been carried out to systematically evaluate deer population management for controlling CWD using empirical data (Conner et al., 2007) . The main difficulties in conducting studies to evaluate CWD management include low disease prevalence, lengthy disease course, non-random allocation of intervention, time-varying exposure, and lack of individual level information for appropriate control of confounders. The goal of this study was to quantitatively assess the first five years of deer population management programs in Illinois for controlling CWD prevalence in wild whitetailed deer. Specifically, we used mixed logistic regression to model the association between this population management intervention and the CWD prevalence change. This approach allowed us to model the time-varying and multilevel nature of intervention assignment and to use statistical approaches to evaluate and adjust for confounding variables measured at both geographical and individual levels.
Materials and methods

Study area and sample
Our study area was determined by the minimum convex polygon of the maximum geographical extent (6708 km 2 and 2628 sections) where CWD cases were detected from November 2002 through March 2008 within seven counties in Illinois (Fig. 1) . We included in the analysis a total of 14,650 white-tailed deer with CWD test results and with complete location and demographic data. We identified the location of individual deer records on a grid based on the Public Land Survey System "section" (∼2.6 km 2 ) in which harvest occurred (Fig. 1) . We used harvest date to assign a harvest-year to individual deer records. A harvest-year began July 1st and ended June 30th of the following calendar year named according to the ending calendar year. Each harvest-year included one fall hunter harvest and one winter culling-intervention period. A harvest-year roughly matches the life cycle of deer, which are born around May-June. Our study period therefore comprised the data collected between harvest-year 2003 and 2008.
Intervention and outcome variables
The study intervention consisted of three deer population control programs: Illinois Department of Natural Resources culling, deer population control permits and nuisance deer removal permits. We used the term "sharpshooting" to refer collectively to deer removed under those three programs. Sharpshooting location was assigned at the section level and varied each year according to the spatial distribution of CWD as portrayed by prior surveillance and deer density estimates. The decision to use section as the spatial unit for sharpshooting assignment was based on the available spatial data and financial and human resources to manage CWD in high disease transmission areas while minimizing stakeholder impact and maximizing opportunity to manage disease spread.
To best evaluate the intervention, three measures were used to quantify the pressure of sharpshooting applied to each section: (1) the number of years of sharpshooting, referred to as "frequency"; (2) the total number of deer removed by sharpshooting, referred to as "effort"; and (3) the average number of deer culled per year of sharpshooting (i.e., effort/frequency), referred to as "intensity". For analytic purpose, sharpshooting effort and intensity were categorized into five groups at 0 (no sharpshooting) and by their 75th, 90th and 95th percentiles.
Retropharyngeal lymph nodes and brain tissue (obex) from sampled deer were tested for CWD at the Illinois Department of Agriculture Animal Disease Laboratories in Galesburg and Centralia using immunohistochemistry. The study outcome variable was the binary test result of CWD (i.e., positive versus negative).
Study covariates
The study covariates included sex, age, and harvest source of deer, and environmental factors at the harvest locations. The selection of study covariates was based on our prior knowledge of their association with CWD (Miller and Wild, 2004; Farnsworth et al., 2005; Miller and Conner, 2005; Grear et al., 2006) . Age and sex of deer were evaluated as potential effect modifiers or confounders in assessing the association between sharpshooting and CWD prevalence. All other covariates were examined as potential confounders.
Deer were categorized into fawn/yearling (6 to less than 24 months) or adult (24 months or older) classes using tooth eruption and wear (Severinghaus, 1949) . Fawns less than six months of age were excluded from analysis because the long latency period for CWD greatly reduces the likelihood of detecting CWD in this age group. We categorized harvest source of deer into three groups for analysis: hunting, sharpshooting, and other. The hunterharvested deer were obtained from firearm and archery seasons which took place from October through midJanuary. The number of hunter-harvested deer tested for CWD depended on a predetermined monitoring quota and hunter voluntary submission of tissues. Therefore, these deer represented a subset of the total hunter-harvested deer at a given location. The deer obtained from deer vehicle collisions and from CWD suspect deer were classified into the category "other" in the analysis.
We measured environmental covariates related to deer density at the section level and assigned them to each deer record based on the section in which the deer was harvested. The size of contiguous forest (km 2 ) that overlapped a section was measured from forested land included in the Land Cover of Illinois 1999-2000 digital database (Illinois Department of Agriculture, 2001). The terrain variability was measured as the standard deviation of elevation from a Digital Elevation Model (United States Geological Survey, 2010). The soil texture-class most common in the section was selected from the United States Department of Agriculture (USDA) STATSGO maps (United States Department of Agriculture, 2010). Human population density was estimated from United States population census data block groups from 2000 (U.S. Census Bureau, 2010). The spatial data were processed using the ArcGIS 9.3 (ESRI, Redlands, CA) geographic information system (GIS). The environmental factors were categorized into binary variables as follows: (1) size of forest: ≤50 km 2 and >50 km 2 , (2) terrain variability: ≤9.75 m, and >9.75 m, (3) soil texture: silt loam and other (which included gravelly loam, silty clay, and gravelly sandy loam), (4) human population density: ≤325 and >325 people per square mile.
Data analysis
We investigated temporal change in CWD prevalence during the study period between the harvest-years of 2003 and 2008 using chi-square test for trend. To assess the relationship between study covariates and CWD, we used logistic regression. While modeling the relationship between a particular covariate and CWD, the other covariates were evaluated for their confounding effects using a backward change-in-estimate procedure with a 10% change in odds ratio (OR) estimate as a cutoff value (BudtzJorgensen et al., 2007) .
To model the association between the intervention and the change in CWD prevalence, we used mixed logistic regression. We included measures at both section and individual deer levels in our mixed logistic regression models. Because intervention assignments varied every year, we computed cumulative sharpshooting measures at the end of each harvest-year. For each time interval during the five-year study period, we modeled the association between the cumulative sharpshooting measures and the change in CWD prevalence with the assumption that the (1) presents the key fixed effects in the mixed logistic regression.
where ˇ1 is the regression coefficient for the time interval (T) under investigation. T is an index variable with a value of 0 indicating the initial harvest-year of a particular time interval and 1 indicating the end harvest-year of that interval. ˇ2 is the regression coefficient for cumulative intervention measure (I) during the time interval T.
3 is the regression coefficient for the interaction term between T and I. ˇmis the regression coefficient matrix for the covariate matrix of the 15 time intervals (M). ˇc is the regression coefficient matrix for the selected covariate matrix (C).
Specifically, the mixed logistic regression models the association between the cumulative intervention pressure and the change in CWD prevalence odds while controlling for other covariates (i.e., C). The inclusion of the covariate matrix of M gave us a weighted average across all 15 investigated time intervals. The exponential of ˇ3 (i.e., the coefficient for the interaction term of T and I) was the parameter of interest, representing an adjusted OR, which quantified the strength and direction of the association between the cumulative intervention and the change in CWD prevalence odds. To build the mixed models, we first determined the effect modifications of age and sex of deer using a cutoff value of P ≤ 0.05. Separate mixed models were constructed for significant effect modifiers. We then used the backward change-in-estimate procedure as previously described.
We defined P ≤ 0.05 as statistical significance in this paper. SPSS 19 for Windows (SPSS Inc., Armonk, NY) was used to perform all data analyses.
Results
Distribution of intervention and CWD prevalence
Within the study area, about half (52%) of the harvested deer were from sections without intervention during harvest-year [2003] [2004] [2005] [2006] [2007] [2008] . The distributions of sharpshooting effort and intensity varied greatly across sections, ranging from 0 to 434 deer and from 0 to 108.5 deer per year of sharpshooting, respectively. Among sections with at least one sharpshooting event, the median sharpshooting frequency was three years, the median sharpshooting effort was 36 deer (interquartile range [IQR] : 15, 127) and the median sharpshooting intensity was 14.7 deer per year of sharpshooting (IQR: 7.0, 29.8). The overall CWD prevalence in the study area did not change between harvest-years 2003 and 2008 (P = 0.114; Table 1 ). The only significant trend in CWD prevalence observed during the study period was in fawn and yearling, ranging from 1.6% in 2004 to 0.6% in 2008 (P = 0.014; Table 1 ).
Study covariates and their relationship with CWD prevalence
We summarized the findings from the analysis of covariates in Table 2 . All covariates showed a significant association with CWD except for human population density (P = 0.061; Table 2 ). Among them, harvest source and age of deer and terrain variability showed the strongest association with CWD prevalence. The hunter-harvested deer were less likely to have CWD than the deer taken from sharpshooting or other harvest sources. Adult deer were more likely to have CWD than fawns (OR = 4.5; 95% confidence interval (CI): 2.8, 7.4) and male deer were more likely to have CWD than female deer (OR = 1.8; 95% CI: 1.3, 2.4). Deer harvested at sections with high terrain variability (i.e., >9.75 m) were negatively associated with CWD while larger forest patches (>50 km 2 ) were positively associated with CWD risk.
Association between the intervention and the change in CWD prevalence
We identified age of deer as a significant effect modifier in all three measures of intervention pressure and a Odds ratio (OR) of CWD prevalence and corresponding 95% confidence interval (CI) are modeled using logistic regression and are adjusted for confounders. OR = 1 is the reference level for comparison.
b The total sample size is 14,650 deer, but samples used are 14,584 and 14,623 for age and sex related models to reflect missing data. Fawns: 6 to less than 12 months of age. Yearling: 12 to less than 24 months of age. therefore built mixed logistic regression models for the two age groups separately (Table 3) . We also identified sex of deer as a significant effect modifier but only in the intensity measure of sharpshooting (P < 0.001; Table 3 ). Hence, we investigated the association between the sharpshooting intensity and the change in CWD prevalence separately for age groups and sex of deer. We present the results of Table 3 Confounder(s) identified in each of the mixed logistic regression used for modeling the effects of population management intervention (sharpshooting pressure) on chronic wasting disease. Different regression models for frequency and effort of sharpshooting were built by age of deer because of its effect modification. Intensity of sharpshooting is stratified by age and sex of deer because both of them are identified as effect modifiers. covariate selections for each of the mixed logistic regression models in Table 3 .
When measuring intervention pressure by frequency, we observed a significant negative association with the change in CWD prevalence in fawns and yearlings when intervention was applied every year during the 5-year period from 2003 to 2007 (P < 0.001). When measuring intervention by effort we found a non-linear association with CWD prevalence with the removal of 13-50 deer during the 5-year intervention period showing the strongest effect on reducing CWD prevalence (Fig. 2) . Removal of 13-50 deer during the 5-year intervention period reduced the CWD prevalence by 0.33-fold (95% CI: 0.14, 0.76) in fawns and yearlings (P = 0.009) and by 0.19-fold (95% CI: 0.06, 0.60) in adults (P = 0.005) compared to no sharpshooting. We also observed a non-linear relationship between intensity and CWD prevalence in all four age and sex strata, although the observed associations were only significant in the sex strata (Figs. 3 and 4) . Regardless of statistical significance, we observed a stronger and more consistent association between intensity and CWD prevalence reduction in fawn and yearling deer than in adult deer (Fig. 3) . A low intensity of less than or equal to eight deer per year of sharpshooting and a moderate intensity of 28.1-59.0 deer per year of sharpshooting showed significant negative association with CWD prevalence change in males with the OR of 0.36 (95% CI: 0.14, 0.92; P = 0.033) and 0.37 (95% CI: 0.14, 0.94; P = 0.037), respectively, compared to no sharpshooting (Fig. 4) . Similarly, a moderate intensity showed significant negative association with the change in CWD prevalence in female deer compared to no sharpshooting (Fig. 4 ). An intensity of 8.1-28.0 deer per year of sharpshooting reduced CWD prevalence by 0.36-fold (95% CI: 0.15, 0.84; P = 0.019) and an intensity of 28.1-59.0 Fig. 2 . Association between different number of deer removed by population management intervention (sharpshooting effort) and change in chronic wasting disease expressed as natural logarithmic transformed odds ratio (ln(OR)). Sections with no sharpshooting (i.e., sharpshooting effect of 0) were used as the reference group for ln(OR) computations. Error bars are standard errors of ln(OR). Empty columns present adult deer and gray columns present fawn and yearling deer. **Indicates P < 0.01. Fig. 3 . Association between different number of deer culled per year of population management intervention (sharpshooting intensity) and change in chronic wasting disease expressed as natural logarithmic transformed odds ratio (ln(OR)). Sections with no sharpshooting (i.e., sharpshooting intensity of 0) were used as the reference group for ln(OR) computations. Error bars are standard errors of ln(OR). Empty columns present adult deer and gray columns present fawn and yearling deer.
deer per year of sharpshooting reduced CWD prevalence by 0.40-fold (95% CI: 0.18, 0.88; P = 0.022) compared to no sharpshooting in females (Fig. 4) .
Discussion
In this study, we evaluated the population management programs implemented from harvest-year 2003 to 2007 in Illinois for controlling CWD in wild white-tailed deer over a 6-year period (harvest-year 2003-2008) . Foreseeing the importance of public and societal acceptance of deer population control programs to the success of Fig. 4 . Association between different number of deer culled per year of population management intervention (sharpshooting intensity) and change in chronic wasting disease expressed as natural logarithmic transformed odds ratio (ln(OR)). Sections with no sharpshooting (i.e., sharpshooting intensity of 0) were used as the reference group for ln(OR) computations. Error bars are standard errors of ln(OR). Empty columns present female deer and gray columns present male deer. *Indicates P < 0.05. disease management efforts (de Lisle et al., 2002; O'Brien et al., 2006; Carstensen et al., 2011) , Illinois minimized the negative human impact and public opposition by supporting liberalized hunting regulations (i.e., additional season days and increased permit quotas where possible) and treating the deer population management program as a long term effort to control CWD rather than an aggressive CWD eradication program as implemented in Wisconsin in early 2000s, which turned out to be an unsuccessful CWD management strategy (Heberlein, 2004; Holsman et al., 2010; VerCauteren and Hygnstrom, 2011) .
Culling has been used to control different diseases in wildlife populations, however not all diseases respond similarly to this method. For example, culling was identified as an efficient way for controlling classical swine fever in wild pigs (Cowled et al., 2012) but showed varied results in controlling bovine tuberculosis in free-ranging wildlife in different countries and was not effective for controlling the Aujeszky's disease in wild boars (Boadella et al., 2012) . The different responses appeared to be associated with continual viral shedding and proportion of hosts excreting the virus as well as public acceptance of the control program.
The finding that the association between intervention and the change in CWD prevalence differed between fawn/yearling and adult deer was worth noting. Recognizing that CWD diagnostic results used in this study were not stratified by lymphatic or neurological test results to differentiate early compared to advanced infection, it is reasonable to speculate that CWD cases in young deer reflect incident cases. In this study, we observed a more consistent association with reduced CWD prevalence in young deer implying that intervention could reduce the number of new infections and providing an important benchmark for future management. This finding also agreed with our observation of a significant (P = 0.014) declining trend in CWD prevalence in fawn and yearling deer during the study period.
We used three sharpshooting measures, frequency, effort and intensity, to quantify the pressure of intervention. The intention of using these different measures was to fully elucidate the optimal management strategy. This approach allowed us to address the question: "Is it sufficient to have a particular number of deer removed or is it necessary to have a particular number of years of sharpshooting or is it necessary to remove an average number of deer per year of intervention to impact CWD prevalence in high risk areas?" We observed a significant reduction in CWD prevalence in fawns and yearlings in the sections that had sharpshooting implemented every year during the 6-year study period compared to the sections with no sharpshooting. However, due to the small number of cases in this highest sharpshooting frequency group, we were not able to make a precise estimate. In contrast to frequency, a non-linear relationship was observed between effort, intensity and CWD prevalence. Those results indicated that removing only a moderate number of deer had a stronger association with reduced CWD prevalence than removing a large number of deer. However, the overlapping of 95% CIs (Fig. 2) indicates that the relationships between these categories and the change in CWD prevalence are not significantly different from each other. Combining the findings from all three sharpshooting measures, our data suggest a continuing sharpshooting intervention that removes at least a moderate number of deer is necessary to control CWD in free-ranging deer. A larger sample size accumulated over a longer time period is needed to make a more definite recommendation on the optimal deer population control strategy for CWD management. Furthermore, the maximum effort and intensity are limited by the deer population size in an area, with culling of larger numbers of deer only possible in more densely populated areas. These high density areas may require more time to bring about significant population reductions, potentially forestalling changes in CWD prevalence. Although we controlled for the confounding effects of the environmental measures that were known to be related to deer population density in our statistical models, the estimated association between sharpshooting and change in CWD prevalence may still be biased due to residual confounding.
Several limitations of our surveillance sampling must be considered when assessing the association between the intervention and the change in CWD prevalence. First, the selection of sections for intervention was dependent on CWD prevalence. These sections were expected by design to have a greater than overall prevalence of CWD. Second, passive and active surveillance may not provide equally representative samples of the population each year. These sources of bias must be considered in study design and/or data analysis while evaluating CWD management programs. Conner et al. (2007) took into account these potential sources of bias by matching treatment with non-treatment (control) areas to make them similar with respect to landscape features. The assumption was that paired treatment-control areas were comparable with respect to the distribution of all covariates associated with CWD within the defined geographic group.
Our approach, however, had many distinguishing features from the Conner et al. (2007) approach. First, the distinctly different environments found in their study are not typical of the Illinois study region and therefore limited adoption of their analytical method. Second, our use of mixed logistic regression allowed us to evaluate study covariates quantitatively, at both individual deer and section levels, for their roles as effect modifiers (age and sex of deer only) or confounders. Third, we used three different measures to quantify the pressure of intervention and took into account the time-varying and multilevel nature of intervention assignment in data analysis. Instead of investigating the association between sharpshooting and change in CWD prevalence for a fixed time interval, our approach allowed us to generate a weighted average across different time frames. While Conner et al. concluded from their study that benefits of population management program were not evident, our study showed that the association between the deer population management intervention and the change in CWD prevalence was present but was not uniform. The strength of association depended on sharpshooting pressure and age of deer.
In this study, we analyzed the data collected from the first six years of intervention in Illinois, which was a relatively short period considering the chronic nature of CWD. This limited study period also confined our study findings to a limited range of sharpshooting measures. In addition, public acceptance is the key to the success of such a free-ranging deer population management program. Unfortunately, Illinois faces significant challenges associated with stakeholder and societal acceptance. Nevertheless, management of CWD will require a continual commitment to intervention and the integrative collaboration of multiple stakeholders. The findings from our study warrant additional studies evaluating similar deer population management programs on controlling CWD in wild white-tailed deer.
Conclusion
In this study, we evaluated the wild white-tailed deer population management intervention implemented in Illinois for controlling CWD between 2003 and 2008. The findings suggest that frequent and continuing sharpshooting events are needed to reduce CWD prevalence. A longer study period, however, is needed to make a more definite recommendation on the optimal white-tailed deer population management strategy for controlling CWD.
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